Dehydration-responsive element binding factors (DREBs) play important roles in plant growth, development, and stress signaling pathways in model plants. However, little is known about the function of DREBs in apple (Malus 3 domestica), a widely cultivated crop that is frequently threatened by drought. We isolated a DREB gene from Malus sieversii (Ledeb.) Roem., MsDREB6.2, and investigated its functions using overexpression analysis and chimeric repressor gene-silencing technology (CRES-T). We identified possible target genes of the protein encoded by MsDREB6.2 using electrophoretic mobility shift assays (EMSAs) and chromatin immunoprecipitation (ChIP). Overexpression of MsDREB6.2 increased the expression of a key cytokinin (CK) catabolism gene, MdCKX4a, which led to a significant reduction in endogenous CK levels, and caused a decrease in shoot:root ratio in transgenic apple plants. Overexpression of MsDREB6.2 resulted in a decrease in stomatal aperture and density and an increase in root hydraulic conductance (L 0 ), and thereby enhanced drought tolerance in transgenic plants. Furthermore, manipulating the level of MsDREB6.2 expression altered the expression of two aquaporin (AQP) genes. The effect of the two AQP genes on L 0 was further characterized using the AQP inhibitor HgCl 2 . Based on these observations, we conclude that MsDREB6.2 enhances drought tolerance and that its function may be due, at least in part, to its influence on stomatal opening, root growth, and AQP expression. These results may have applications in apple rootstock breeding programs aimed at developing drought-resistant apple varieties.
INTRODUCTION
Plants are exposed to ever-changing environmental stresses, such as drought, high salinity, and extreme temperatures, which limit their growth and productivity throughout their life cycle. A change in gene expression is generally the earliest response to stress conditions in plants (Ouyang et al., 2010) . Among these stress-responsive genes, those encoding transcription factors (TFs) play a particularly important role in regulating the plant's response to stress conditions. DREBs, a large multigene family belonging to the APETALA2/Ethylene-Responsive Factor (AP2/ERF) superfamily, govern the expression of many drought and/or cold stress-inducible target genes via a specific cis-element, the dehydration-responsive element/C-repeat (DRE/CRT, A/GCCGAC) (Yamaguchi- Shinozaki and Shinozaki, 1994) . Members of the DREB subfamily are further divided into six subgroups (A-1 to A-6) in Arabidopsis based on structural characteristics of the protein (Sakuma et al., 2002) . RAP2.4, a member of the A-6 subgroup, functions as a positive regulator of ethylene-and drought-responsive genes, but as a negative regulator of light-inducible genes in early seedling development (Lin et al., 2008) . By contrast, RAP2.4A, another member of the A-6 subgroup, is a redox-sensitive TF that regulates the expression of some chloroplast-targeted antioxidant enzymes (Shaikhali et al., 2008) . Most studies of DREB to date have focused on DREB1s, DREB2s, and DREB5s, while knowledge of the DREBA-6 subgroup is limited.
CKs are a group of plant hormones that play a critical role in numerous developmental processes and physiological responses to changes in the environment (Werner and Schm€ ulling, 2009; Hwang et al., 2012) . CK homeostasis is regulated by the rate of CK biosynthesis and catabolism. Whereas adenosine phosphate-isopentenyl transferases (IPTs) catalyze the initial and rate-limiting step of CK biosynthesis, CK oxidases/dehydrogenases (CKXs) catalyze CK breakdown (Sakakibara, 2006) . Seven CKX-encoding genes (CKX1 to CKX7) exist in the Arabidopsis thaliana genome (Werner et al., 2003) , and some of their corresponding orthologs have been identified and cloned in other plant species (Houba-H erin et al., 1999; Galuszka et al., 2004; Ashikari et al., 2005; Le et al., 2012; Tsai et al., 2012; Zhang et al., 2012) . Although the functions of CKXs have been studied extensively, little is known about the mechanism that regulates CKX transcription.
Plant AQPs, which belong to the major intrinsic protein (MIP) family, play an important role in maintaining water homeostasis (Kaldenhoff et al., 1998; Kjellbom et al., 1999; Martre et al., 2002; Chaumont and Tyerman, 2014) . The expression of AQP genes is not only regulated by hormones, but also by a variety of environmental factors such as light, drought, and salt (Phillips and Huttly, 1994; Boursiac et al., 2005; Zhu et al., 2005; Aroca et al., 2006; Cochard et al., 2007) . Two DREBA-6 TFs in Arabidopsis, RAP2.4B and RAP2.4, were shown to regulate the expression of multiple AQP genes (Rae et al., 2011) . It remains to be determined whether apple orthologs of DREB TFs also regulate the expression of AQP genes.
Apple is one of the most widely cultivated fruit trees in the world. As many apple-growing regions are frequently affected by drought, improving resistance to drought stress is a major breeding objective in apple. Previously, we identified several TF genes that function in the response to drought stress in M. sieversii (Xu et al., 2010) , one of the most drought-tolerant apple rootstocks in China (Li, 2001) , using suppression subtractive hybridization (SSH) analysis. The expression patterns of two of the DREB genes identified in our study, MsDREBA5 and MsDREB2C, and their roles in stress tolerance were further examined (Zhao et al., 2012b (Zhao et al., , 2013 . In this study, we identified 10 putative DREB6 genes from M. sieversii and examined their expression patterns in response to drought stress. Furthermore, we investigated the possible roles of the most drought-responsive gene, MsDREB6.2, in adventitious root development and the response to drought stress.
RESULTS

Genome-wide identification of DREB6-type transcription factors in apple
We searched for DREBA6 subgroup members in the M. sieversii genome by conducting a BLAST search against the apple sequence database (http://genomics.research.lasma.it) using the amino acid sequences of nine Arabidopsis DREB6-related proteins as query (Sakuma et al., 2002) . Ten genomic clones showed high levels of amino acid sequence similarity in the conserved AP2 domain ( Figure S1a ). To compare MsDREB6s with AtRAP2.4, we constructed a phylogenetic tree based on the full-length cDNA sequences of selected DREB6s using the neighbor-joining method with MEGA6 software ( Figure S1b ). Since all 10 MsDREB6s were found to belong to the A-6 subgroup, we named these proteins MsDREB6.1 to MsDREB6.10.
Expression patterns of MsDREB6.2 genes
All of the MsDREB6 genes were induced in response to drought stress. The increase in expression was greatest for MsDREB6.2, with expression being upregulated more than 15-fold in the roots and eight-fold in the leaves in response to drought stress ( Figure 1a) . Additionally, we found that all of the MsDREB6 genes except for MsDREB6.5 and MsDREB6.7 were expressed at higher levels in the roots than in the leaves. Due to its high expression under drought stress, we selected MsDREB6.2 for further analysis.
We next examined the expression pattern of MsDREB6.2 in different tissues and organs under normal conditions. The expression level was highest in young roots, followed by mature roots and mature leaves (Figure 1b ). In addition, MsDREB6.2 was strongly responsive to salt stress, but only slightly responsive to cold and heat stresses (Figure 1c, d) .Collectively, these results indicate that MsDREB6.2 plays a critical role in modulating plant responses to drought and high-salinity stresses.
Heterologous expression of MsDREB6.2 enhances abiotic stress tolerance in Arabidopsis
To investigate the function of MsDREB6.2, we generated transgenic plants that heterologously expressed MsDREB6.2. Three independent homozygous T3 generation lines that exhibited high levels of transgene expression were analyzed further. Under drought stress conditions, only 11% of the wild-type (WT) plants survived ( Figure S2 ), whereas survival rates of 66, 79 and 58% were observed for the three transgenic lines, respectively. Under salt-stress conditions, the survival rates of the three transgenic lines were significantly higher than those of WT plants ( Figure S3 ). These results indicate that overexpression of MsDREB6.2 enhanced tolerance to drought and salt stresses in transgenic Arabidopsis.
Phenotype analysis of transgenic apple lines
To investigate the function of MsDREB6.2 in apple plants, we overexpressed this gene in a rootstock variety (M26) of apple. We also generated transgenic M26 plants lacking MsDREB6.2 protein using CRES-T technology, in which a TF fused to the EAR-motif repression domain (SRDX) dominantly suppresses the expression of its target genes, even in the presence of redundant TFs (Hiratsu et al., 2003; Koyama et al., 2007) . We found that MsDREB6.2-OE and -CRES-T lines exhibited a dramatic increase and decrease, respectively, in the levels of MsDREB6.2 transcript (Figure 2a) (Sakuma et al., 2006; Qin et al., 2007) . In this study, we found that 35S:MsDREB6.2 plants were markedly shorter than control plants and 35S:MsDREB6.2SRDX plants, and that suppression of MsDREB6.2 partially eliminated the reduction in plant height (Figure 2b ). Observations of leaf cross-sections showed that the leaves of 35S: MsDREB6.2 and 35S:MsDREB6.2SRDX plants were thicker and thinner than those of control plants, respectively (Figure 2c) . Whereas shoot development was retarded in 35S: MsDREB6.2 plants, root growth was enhanced. However, the root growth of 35S:MsDREB6.2SRDX plants was retarded (Figure 2d ). The mean root lengths of 35S: MsDREB6.2 and 35S:MsDREB6.2SRDX plants were 37 and 26% longer and shorter, respectively, than those of the control plants of the same age (Figure 2e ). Whereas the number of adventitious roots in 35S:MsDREB6.2 plants was 54% higher than that of control plants, the number of adventitious roots of 35S:MsDREB6.2SRDX plants was 43% lower than that of control plants (Figure 2f ). Additionally, the total root surface area of the transgenic plants was strongly affected by changes in MsDREB6.2 expression (Figure 2g ). However, the shoot:root dry mass ratio exhibited a distinct decrease and increase in 35S: MsDREB6.2 and 35S:MsDREB6.2SRDX plants, respectively, compared with control plants, although the 35S: MsDREB6.2SRDX plants were still shorter than control plants (Figure 2h ).
MsDREB6.2 overexpression decreases the CK concentrations in transgenic apple plants by upregulating MdCKX4a expression
Given that the phenotypes of 35S:MsDREB6.2 plants were similar to those of CK-deficient Arabidopsis plants (Werner et al., 2003) , we analyzed the CK levels in the roots of transgenic and control apple plants. As shown in Figure To investigate whether MsDREB6.2 altered the synthesis and metabolism of endogenous CK, we analyzed the expression of a series of CK synthesis-and metabolismrelated genes, including MdIPT (isopentenyltransferase) and MdCKX (CK oxidase) in transgenic and control plants. No significant difference in the expression of MdIPTs was observed between transgenic and control plants (Figure 3b) . Constitutive expression of MsDREB6.2 resulted in a more than 30-fold increase in the level of MdCKX4a transcript. By contrast, MdCKX4a expression was downregulated more than 0.4-fold in 35S:MsDREB6.2SRDX plants ( Figure 3c ).
Next, we performed an electrophoretic mobility shift assay (EMSA) to test whether MsDREB6.2 bound to the MdCKX4a promoter in vitro. As illustrated in Figure 3(d) , the MsDREB6.2-His fusion protein bound to the DRE in the promoter of MdCKX4a. With the addition of increasing concentrations of unlabeled core probe (competitor 1), the extent of binding of MsDREB6.2 was reduced or abolished. By contrast, the addition of a mutant probe (competitor 2) did not interfere with the binding signal. These results indicate that MsDREB6.2 specifically binds to the DRE in the promoter of MdCKX4a in vitro. ChIPqPCR analysis showed that MsDREB6.2 binds to the promoter of MdCKX4a in vivo (Figure 3e ). Collectively, these results indicate that MsDREB6.2 promotes apple adventitious root growth and development by upregulating MdCKX4a expression, which results in a reduction in CK levels.
Overexpression of MsDREB6.2 in apple increases tolerance to drought stress
Under normal conditions, both transgenic and control plants grew normally. When water was withheld for (a) MsDREB6 expression in apple plants exposed to drought stress. Histone H3 was used as the internal control. Each bar represents the average of three replicates, and standard deviations (SDs) are indicated. Data were analyzed using Duncan's multiple range test (P < 0.05). (b) MsDREB6.2 expression in different tissues. YL, young leaves; ML, mature leaves; YR, young roots; MR, mature roots; FL, flowers; FR, fruits. Histone H3 was used as the internal control. Each bar represents the average of three replicates, and SDs are indicated. Data were analyzed using Duncan's multiple range test (P < 0.05). (c) Expression of MsDREB6.2 under salt, cold, and heat stresses. Histone H3 was used as the internal control. Values are means AE SD of three biological replicates. Student's t-test, *P < 0.05, **P < 0.01. (d) GUS staining of transgenic Arabidopsis plants expressing the MsDREB6.2 promoter:GUS fusion. Three-week-old homozygous seedlings were subjected to drought stress for 1 h, salt stress (150 mM NaCl) for 4 h, heat shock stress (45°C) for 1 h, or cold stress (freezing; 0°C) for 1 h. Histochemical GUS staining was performed overnight on 10 seedlings for each experiment. Scale bars represent 5 mm. [Colour figure can be viewed at wileyonlinelibrary.com].
(a) (a) , and control plants. tZ, trans-zeatin; tZR, trans-zeatin riboside; iP, isopentenyladenine; iPR, isopentenyladenine riboside. Data are means AE SD (n = 3). Student's t-test, *P < 0.05, **P < 0.01. (b, c) Effect of MsDREB6.2 OE and CRES-T on the expression of cytokinin biosynthesis (b) and degradation (c) genes in the roots of apple plants grown under normal conditions. IPT and CKX expression was examined in the roots of six-month-old transgenic and control apple plants using qRT-PCR. Histone H3 was used as the internal control. Data are means AE SD (n = 3). Student's t-test, *P < 0.05, **P < 0.01. (Liu et al., 2014) . Given that multiple AQP genes are regulated by two DREB6-type TFs in Arabidopsis (Rae et al., 2011) , we investigated the effect of HgCl 2 , which is widely used to assess the contribution of AQPs to root water transport (Maggio and Joly, 1995) , on L 0 to analyze whether the activity of AQPs is affected by MsDREB6.2. The L 0 of control, 35S:MsDREB6.2, and 35S:MsDREB6.2SRDX plants subjected to 7 days of drought stress and then treated with 50 lM HgCl 2 for 5 min was reduced by 54, 70 and 24%, respectively, and the subsequent addition of dithiothreitol (DTT) partially restored the L 0 , to 71, 86 and 80% of initial values, respectively (Figure 6b ). These results indicate that AQP activity is involved in the MsDREB6.2-mediated increase in L 0 that occurs under drought stress.
Roles of MsDREB6.2 in AQP gene expression
To provide further evidence that AQP activity is involved in the MsDREB6.2-mediated increase in L 0 that occurs under drought stress, we examined whether manipulating MsDREB6.2 expression would alter the expression of AQP genes in roots. As shown in Figure 6 (c), after 7 days of drought stress treatment, multiple AQP genes were upregulated in 35S:MsDREB6.2 plants compared with control plants. Most strikingly, MdPIP1;3 and Mdc-TIP were upregulated 15-and 12-fold, respectively. The expression of MdPTP3 and Mdd-TIP was not significantly affected, while that of Mdb-TIP, was slightly down-regulated. By contrast, in 35S:MsDREB6.2SRDX plants, most AQP genes were down-regulated, especially MdPIP1;3 and Mdc-TIP, which were down-regulated 0.4-fold and 0.3-fold, respectively. The expression of these genes was similar after 7 days and 14 days of drought stress (Figure 6d) . Furthermore, EMSA showed that MsDREB6.2 bound specifically to the DRE in the promoter of both of MdPIP1;3 and Mdc-TIP in vitro (Figure 6e,f) . These results indicate that MsDREB6.2 is a positive regulator of MdPIP1;3 and Mdc-TIP expression.
DISCUSSION
Although whole-genome sequencing has facilitated the characterization of DREB TFs in apple, only a few DREB genes have been identified and studied to date (Yang et al., 2011; Zhao et al., 2012a Zhao et al., ,b, 2013 . In this study, we identified 10 DREB6-type TFs (MsDREB6s) from M. sieversii. Most of these genes were induced by drought stress and expressed at high levels in roots. Among these genes, MsDREB6.2 exhibited the greatest increase in expression in response to drought stress and was selected for further analysis (Figure 1a) . In addition, MsDREB6.2 was strongly induced by salt stress, but only slightly induced by cold and heat
(e) (f) (g) (h) Figure 5 . Changes in stomatal aperture, stomatal density and gas exchange parameters in the leaves of 6-month-old apple plants subjected to drought stress. (a) Scanning electron microscopy (SEM) images showing stomata of transgenic and control apple plants before and after 7 days of drought stress. Scale bars = 10 lm.
(b) Effect of MsDREB6.2 OE and CRES-T on stomatal apertures in the leaves of the transgenic and control apple plants subjected to drought stress. Data are means AE SD (n = 30). Student's t-test, **P < 0.01. (c) SEM images showing the number of stomata in the transgenic and control apple plants after 7 days of drought stress. Scale bars = 50 lm.
(d) Effect of MsDREB6.2 OE and CRES-T on stomatal density in the leaves of the transgenic and control apple plants subjected to drought stress for 7 days. Data are means AE SD (n = 30). Student's t-test, **P < 0.01.
(e-h) The rate of photosynthesis (P N ) (e), intercellular CO 2 concentration (C i ) (f), rate of transpiration (T r) (g), and instantaneous water-use efficiency (WUE I ) (h) of transgenic and control apple plants after 7 days of drought stress. Each bar represents the average of three replicates, and SDs are indicated. Data were analyzed using Duncan's multiple range test (P < 0.05).
stresses (Figure 1c,d ). In Arabidopsis, RAP2.4B was strongly induced by drought and heat stresses and slightly induced by cold and high salinity. However, RAP2.4 was strongly induced by drought, cold, and high salinity, but not by heat stress (Rae et al., 2011) . The finding that MsDREB6.2 genes and their orthologs in Arabidopsis had different expression patterns imply that different DREB6 genes play distinct roles in response to abiotic stresses. Overexpression of RAP2.4 resulted in increased tolerance to drought stress in transgenic Arabidopsis plants (Lin et al., 2008) . Constitutive expression of OsDREB6 increased tolerance to multiple abiotic stresses, including osmotic, salt, and cold stresses, in transgenic rice, whereas OsDREB6 double-stranded RNA interference (RNAi) lines exhibited increased sensitivity to these stresses compared with WT rice (Ke et al., 2014) . Consistent with the finding that MsDREB6.2 expression was induced in response to drought and salt stresses, we found that overexpression of MsDREB6.2 improved tolerance to both drought and salt stresses in transgenic Arabidopsis ( Figures S2 and S3 ). These results indicate that MsDREB6.2 plays a crucial role in the response to abiotic stresses, which is consistent with M. sieversii being a superior apple rootstock (Li, 2001 ). Previous reports have revealed the importance of CK in the plant's response to stress Havlov a et al., 2008; Argueso et al., 2009; Nishiyama et al., 2011) . Furthermore, increasing evidence suggests that there is a close relationship between DREB TFs and plant hormones, including ABA (Shinozaki and Yamaguchi-Shinozaki, 2000) , GA (Magome et al., 2004; Shan et al., 2007) , ethylene (Lin et al., 2008) , and IAA (Zhao et al., 2013) . Little information is known about the relationship between CK metabolism and the transcriptional regulation of DREB TFs. In this study, overexpression and suppression of MsDREB6.2 resulted in a significant decrease and increase, respectively, in the four kinds of CK metabolites analyzed in the roots of 35S:MsDREB6.2 and 35S:MsDREB6.2SRDX plants (Figure 3a) . CK is an important regulator of plant root systems that inhibits root elongation and branching (Mok and Mok, 2001; Werner and Schm€ ulling, 2009 ). Furthermore, CK suppresses adventitious root and lateral root formation in many species (Werner et al., 2003; Ram ırez-Carvajal et al., 2009 ). Here we demonstrated that low CK concentrations promote adventitious root formation in apple (Figures 2 and 3 ). This result is in agreement with the previous observations that low CK concentrations are beneficial for adventitious root formation in apple (Ricci et al., 2001) . We further analyzed the expression level of different genes involved in CK biosynthesis and metabolism. No significant differences were found in the expression of IPT genes between transgenic and control plants (Figure 3b) . Conversely, compared with the control plants, MdCKX4a expression was markedly increased and decreased, respectively, in the root of 35S:MsDREB6.2 and 35S:
MsDREB6.2SRDX plants (Figure 3c) . Gao et al. (2014) demonstrated that two B-type response regulators (ORRs) and OsARF25 directly bind to the OsCKX4 promoter. In this study, EMSA and ChIP experiments showed that MsDREB6.2 specifically binds to the DRE present in the promoter region of MdCKX4a, in vitro and in vivo, respectively (Figure 3d,e) . This finding provides further information about the target gene of DREB, and improves our understanding of the mechanism that regulates CKX transcription. Several studies have shown that overexpression of CKX reduces the content of CK in transgenic plants (Werner et al., 2003; K€ ollmer et al., 2014) . By contrast, knockdown or loss of function of OsCKX2 causes CK accumulation in rice (Ashikari et al., 2005) . Our results suggest that overexpression of MsDREB6.2 results in decreased CK levels in transgenic apple plants by upregulating MdCKX4a expression. This finding is in good agreement with the work of Galuszka et al. (2007) , which showed that CKX2 and CKX4 possess the highest enzymatic activity with ip, tZ, and their ribosides. In this study, we isolated MdCKX4a from apple and found that the root-specific expression of MdCKX4a resulted in an enlarged root system in transgenic Arabidopsis plants ( Figure S5 ). These results provide further evidence that overexpression of MsDREB6.2 promotes adventitious root formation in transgenic apple plants by upregulating MdCKX4a expression, which results in decreased CK levels.
Plants have developed a variety of mechanisms to improve drought tolerance, such as alterations of stomatal properties, including aperture size and stomatal density (Schroeder et al., 2001) . As transpirational water loss through stomata is a key determinant of drought tolerance, the regulation of this property is critical for limiting water loss in response to drought stress (Xiong et al., 2002; Nilson and Assmann, 2007) . In this study, the 35S:MsDREB6.2 and 35S:MsDREB6.2SRDX plants exhibited a marked decrease and increase, respectively, in stomatal aperture and density compared with control plants (Figure 5a-d) . Given that recent data suggest that some CK signaling genes promote stomatal opening (Marchadier and Hetherington, 2014; Nguyen et al., 2016) , we analyzed the expression of a series of CK signaling genes, including MdHK (histidine kinase), MdHP (His-containing phosphotransfer), and MdRR (response regulator) in transgenic and control plants. MdHK2, MdHK4a, and MdHP4 were downregulated and upregulated in the leaves of 35S:MsDREB6.2 and 35S: MsDREB6.2SRDX plants compared with control plants, respectively. However, no significant difference in the expression of MdRRs was observed in transgenic and control plants ( Figure S6 ). Furthermore, spraying the leaves of both transgenic and control plants with benzylaminopurine (BA) increased stomatal apertures. This result is in agreement with the previous observations that exogenous CK application increases stomatal apertures (Pospisilova and Batkova, 2004; Pospisilova et al., 2005) . In addition, MdHK2, MdHK3a, and MdHK4a expression was significantly upregulated in all plants after BA treatment (Figure S7) . Thus, the increased tolerance to drought stress observed in apple plants overexpressing MsDREB6.2 may be partially attributed to reduced stomatal apertures, which is consistent with the lower water loss rates observed in the 35S:MsDREB6.2 plants, and the CK signaling genes might play important roles in the MsDREB6.2-mediated decrease in stomatal apertures. Root enhancement is a key trait of plants that exhibit drought resistance (Sharp et al., 2004) . Given that overexpression of MsDREB6.2 enhanced development of the root system in transgenic apple plants and that 35S:MsDREB6.2 transgenic Arabidopsis plants exhibited tolerance to drought stress, we hypothesized that MsDREB6.2 also confers tolerance to drought stress in apple plants. Indeed, we found that overexpression of MsDREB6.2 improved tolerance to drought stress in transgenic apple plants, whereas 35S:MsDREB6.2SRDX plants were sensitive to drought stress (Figure 4a) . In this study, we also noted that the L 0 of 35S:MsDREB6.2 and 35S:MsDREB6.2SRDX plants was higher and lower than that of control plants, respectively (Figure 6a ). These results suggest that MsDREB6.2 confers tolerance to drought stress and that its function may be due, at least in part, to its influence on L 0 . It is not surprising that overexpression of MsDREB6.2 enhances the L 0 of transgenic apple plants, because the encoded protein functions as a positive regulator of adventitious root growth. Indeed, constructing plants with enhanced root systems is an efficient approach for enhancing drought tolerance. For instance, root-specific CKX1 expression in Nicotiana tabacum (tobacco) results in an enlarged root system and improves the drought tolerance of the transgenic plants (Werner et al., 2010) . In rice, the root-specific overexpression of OsNAC10 results in enlarged roots, enhanced drought tolerance, and increased grain yield under field drought conditions (Jeong et al., 2010) . L 0 is not only affected by root architecture, but is also determined by its intrinsic water permeability (hydraulic conductivity [Lp r ]) (Sutka et al., 2011) , and the Lp r is regulated by AQP (Javot et al., 2003; Maurel et al., 2008; Bramley et al., 2009; Vandeleur et al., 2009) . Previous studies have suggested that multiple AQP genes in Arabidopsis are regulated by a pair of DREB6-type TFs, RAP2.4 and RAP 2.4B (Rae et al., 2011) . Furthermore, transcription analysis showed that overexpression of SlDREB2 upregulated the expression of two AQP genes in transgenic tomato plants under salt stress (Hichri et al., 2016) . Therefore, we propose that AQP genes function in the MsDREB6.2-mediated increase in L 0 under drought stress. We supported this notion by characterizing the contribution of AQPs to L 0 using HgCl 2 (Figure 6b) . Consistent with the changes in L 0 of transgenic and control plants in response to HgCl 2 , we found that the expression of two AQP genes, MdPIP1;3 and Mdc-TIP, was dramatically increased and decreased, respectively, in the 35S: MsDREB6.2 and 35S:MsDREB6.2SRDX plants under drought stress (Figure 6c,d) . Furthermore, EMSA showed that MsDREB6.2 bound to the promoters of MdPIP1;3 and Mdc-TIP (Figure 6e,f) . These results suggest that upregulation of MdPIP1;3 and Mdc-TIP participates in the MsDREB6.2-mediated increase in L 0 under drought stress.
Dwarfing rootstocks are commonly used to achieve high production efficiency in commercial apple orchards (Zhu et al., 2008) . M26 is a semi-dwarfing apple rootstock that is widely used due its positive effect on yield. Despite this beneficial property, M26 shows poor drought resistance, partly due to its relatively poorly developed root system, which renders the plant unable to absorb water in the middle and deep layers of soil. In apple plants, droughtinduced injury has a remarkably deleterious impact on growth and productivity. Therefore, there is much interest in improving the drought tolerance of M26. Numerous studies have shown that, compared with traditional apple breeding and selection methods, genetic engineering techniques can greatly accelerate the genetic improvement of apple rootstocks, as apple has a long life cycle (Holefors et al., 1998; Zhu and Welander, 1999) . For instance, heterologous expression of a peach (Prunus persica) CBF Figure 6 . Changes in the root hydraulic conductance (L 0 ) of 6-month-old apple plants in response to drought stress, HgCl 2, and HgCl 2 /DTT treatment, effect of MsDREB6.2 OE and CRES-T on the expression of AQP genes in the roots of apple plants subjected to drought stress and EMSA showing binding of MsDREB6.2 to the MdPIP1;3 and Mdc-TIP promoters. (a) Effect of MsDREB6.2 OE and CRES-T on the L 0 in apple plants subjected to drought stress. The whole root system of plants grown under normal or drought conditions was cut off near the root base, and inserted into a pressure chamber. L 0 was measured through exudation experiments. (b) Effect of an aquaporin inhibitor (HgCl 2 ) and an anti-inhibitor (dithiothreitol, DTT) on the L 0 of transgenic and control apple plants subjected to drought stress. The L 0 was measured after a 7-day drought treatment (control) and again 5 min after 50 lM HgCl 2 was added. To investigate the recovery permitted by DTT, the roots were first exposed to 50 lM HgCl 2 (5 min) and then treated with 5 mM DTT for 15 min before the L 0 was measured. Each bar represents the average of three replicates, and SDs are indicated. Data were analyzed by Duncan's multiple range test (P < 0.05). (c, d) Effect of MsDREB6.2 OE and CRES-T on the expression of AQP genes in the roots of apple plants subjected to drought stress. The expression of AQP genes in the roots of transgenic and control apple plants was examined immediately after 7 days (c) and 14 days (d) of drought stress, using qRT-PCR. Histone H3 was used as the internal control. Values are means AE SD of three biological replicates. Student's t-test, *P < 0.05, **P < 0.01. (e, f) EMSA showing binding of MsDREB6.2 to the MdPIP1;3 (e) and Mdc-TIP (f) promoters. Each biotin-labeled DNA probe was incubated with MsDREB6.2-His protein. An excess of unlabeled wild-type and mutated probe was added as competitor 1 and competitor 2, respectively. Biotin-labeled probes incubated with His protein served as the negative control.
in M26 not only resulted in short-day-induced dormancy, but also increased cold tolerance (Wisniewski et al., 2011) . In this study, we found that constitutive overexpression of MsDREB6.2 not only expanded the root system, but also significantly increased the drought tolerance of transgenic M26 plants, suggesting that MsDREB6.2 could have useful applications in apple rootstock breeding. Further investigations will be needed to assess the drought tolerance and agronomic value of the plants developed and evaluated in this study under field conditions. In summary, we have identified a DREBA-6 gene, MsDREB6.2, from M. sieversii, that is strongly induced by drought and salinity stress and is expressed at high levels in roots. Overexpression of MsDREB6.2 results in cytokinin-deficient developmental phenotypes by enhancing MdCKX4a expression and enhances drought tolerance in transgenic apple plants. Furthermore, overexpression of MsDREB6.2 reduces stomatal aperture and density, which reduced water loss under drought stress, promotes the development of adventitious roots, Figure 7 . A model for the function of MsDREB6.2 in modulating the drought stress response. Under drought stress, MsDREB6.2 expression is increased in apple plants. Upregulation of MsDREB6.2 results in upregulation of MdCKX4a, leading to a reduction in endogenous CK levels, and a decrease in shoot:root ratio. The reduction in CK levels reduces stomatal apertures, which reduces water loss rates in apple plants under drought stress. MsDREB6.2 also enhances the expression of two AQP genes, MdPIP1;3 and Mdc-TIP. The enlarged root systems and the upregulation of AQP genes might together maintain the root hydraulic conductance at a high value under drought stress, thereby facilitating optimal water uptake and rapid recovery at the rewatering stage. and enhances the expression of two AQP genes, MdPIP1;3 and Mdc-TIP. The enlarged root system and upregulation of AQP genes in transgenic plants overexpressing MsDREB6.2 might together maintain the L 0 at a high value under drought stress, thereby facilitating optimal water uptake and rapid recovery at the rewatering stage (Figure 7) . Together, this study sheds light on the roles of a DREBA-6 TF involved in CK metabolism and drought tolerance and reveals MsDREB6.2 as a valuable genetic resource for.
EXPERIMENTAL PROCEDURES Plant materials and treatments
Rooted, micropropagated M. sieversii plants were pre-cultured in pots with half-strength Hoagland nutrient solution for 15 days and then transferred to full-strength Hoagland nutrient solution. The cultures were grown at 22°C and 60% relative humidity under a 16 h/8 h (day/night) regimen with a light intensity of 33 lmol m À2 sec
À1
. Uniformly developed plants with heights of approximately 30 cm were subjected to various treatments. For drought treatment, seedlings were transferred to filter paper, and dried at 22°C with 60% humidity for the indicated periods of time. For heat and cold treatments, seedlings were kept at 45°C and 4°C, respectively, for the indicated periods. For salt treatments, the seedlings were transferred to Hoagland nutrient solution containing 200 mM NaCl at 22°C for the indicated periods. Leaves and other organs were sampled for further analysis.
Cloning of the MsDREB6 genes
To identify members of the DREBA6 subfamily in apple, the coding sequences of all members of the AtDREBA6 subfamily in Arabidopsis were BLASTed in https://genomics.research.lasma.it/. The full-length open reading frames (ORFs) of the DREB6 genes were obtained by RT-PCR of apple RNA and cloned into the pMD18-T vector (Takara Bio, Shiga, Japan). Primer sequences are shown in Table S1 .
Construction of transgenic plants
To generate the MsDREB6.2 overexpression vector, full-length MsDREB6.2 cDNA lacking the termination codon was amplified and inserted into the pCAMBIA1301 vector. The chimeric repressor construct was generated as described (Hiratsu et al., 2003) . To generate the MsDREB6.2 promoter:GUS vector, the promoter region of MsDREB6.2 (1542 bp) was amplified and inserted into the pCAMBIA1301 vector containing the GUS reporter gene. Primer sequences used for vector construction are shown in Table S2 .
For Arabidopsis transformation, Arabidopsis thaliana (ecotype Columbia) was used. Transgenic Arabidopsis plants were generated as described previously (Clough and Bent, 1998) . For apple plant transformation, clonally propagated apple 'M26' was used. Transgenic apple shoots were produced as described previously (Holefors et al., 1998) . Independent transgenic shoots were micropropagated from each transgenic line. The transgenic plants were examined by PCR for the presence of hygromycin phosphotransferase II. The expression levels of MsDREB6.2 in transgenic apple plants were determined by qRT-PCR.
Real-time quantitative PCR
Total RNA of Arabidopsis and apple was extracted as previously described (Chang et al., 1993) , and cDNA was synthesized from total RNA using the M-MLV Reverse Transcriptase Kit (Promega, Madison, WI, USA). Real-time quantitative PCR was performed in the ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using UltraSYBR Mixture (CWBIO, Beijing, China). In Arabidopsis and apple, AtACTIN2 and Histone H3 were used as internal controls, respectively. Primer sequences used for qRT-PCR in this study are shown in Table S3 .
Analysis of cytokinin content
The content of endogenous CKs was determined in roots of 4-month-old transgenic and control plants grown under normal conditions as described in the section 'Plant materials and treatments'. Three replicate root samples (500 mg) were taken from each line and immediately frozen in liquid nitrogen and stored at À80°C. Root tissue CK content was analyzed as described previously (Sun et al., 2003) .
EMSA and ChIP assay
The coding region of MsDREB6.2 was amplified and inserted into the pET-28a vector containing a His tag. The recombinant plasmid was transformed into Escherichia coli BL21. The fusion protein was produced and purified as described previously (Urao et al., 1993) . The EMSA was performed as described previously (Sakuma et al., 2002) . ChIP was performed using the EpiQuik Plant ChIP Kit (Epigentek, Germany) according to the manufacturer's instructions. After immunoprecipitation, recovered chromatin fragments were subjected to real-time PCR. The probe and primer sequences are shown in Table S4 .
Drought stress treatment of apple
Six-month-old control and transgenic apple plants were grown under drought stress conditions (water was withheld) for 14 days, and then rewatered and grown under normal conditions for 7 days.
Analysis of stomatal characteristics
Stomatal apertures were examined in the abaxial epidermis of leaves collected from 6-month-old plants after 0 days and 7 days of drought stress. The stomatal density was determined using leaves collected after 7 days of drought stress. All measurements were made using ImageJ software.
Huntington Beach, CA, USA). Instantaneous water use efficiency (WUE I ) was calculated as the ratio of P N to T r .
L 0 measurements in whole root systems
The L 0 of whole root systems was measured with a pressure chamber according to the method of Ehlert et al. (2009) . Water transport through AQPs was investigated using the AQP inhibitor HgCl 2 as described in Knipfer et al. (2011) .
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